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Abstract16
Lateral transport at the boundaries of the subtropical gyres plays a crucial role in pro-17
viding the nutrients that fuel gyre primary productivity, the heat that helps restratify the sur-18
face mixed layer, and the dissolved inorganic carbon (DIC) that influences air-sea carbon ex-19
change. Mesoscale eddies may be an important component of these lateral transports; how-20
ever, previous studies have not quantified the tracer transport due to eddies. Here we assess21
the physical mechanisms that control the lateral and vertical transport of mass, heat, nutrients22
and carbon across the North Pacific and North Atlantic subtropical gyre boundaries using23
the eddy-rich ocean component of a climate model (GFDL’s CM2.6) coupled to a simple24
biogeochemical model (mini-BLING). Our results suggest that lateral transport across the25
gyre boundaries supplies a substantial amount of mass and tracers to the ventilated layer of26
both Northern Hemisphere subtropical gyres, with the Kuroshio and Gulf Stream acting as27
main exchange gateways. Mass, heat, and DIC supply is principally driven by the time-mean28
circulation, whereas nutrient transport differs markedly from the other tracers, as nutrients29
are mainly supplied to both subtropical gyres by down-gradient eddy mixing across gyre30
boundaries. The budget analysis further reveals that the lateral nutrient transport, combining31
the roles of both mean and eddy components, is responsible for more than three quarters of32
the total nutrient supply into the subtropical gyres, surpassing a recent estimate based on a33
coarse resolution model and thus further highlighting the importance of lateral nutrient trans-34
port.35
1 Introduction36
The dynamics of the primarily wind-driven upper kilometre of the ocean’s subtropical37
gyres play a critical role in regulating the climate, ocean carbon dioxide (CO2) uptake, and38
the subtropical ecosystem [Huang and Qiu, 1994; McClain et al., 2004]. More than a third39
of the Earth’s total meridional heat transport at the latitudes of the subtropical gyres is car-40
ried by the ocean, and the convergence of this oceanic heat transport at the subtropical gyre41
latitudes implies vigorous heat loss to the atmosphere [Trenberth and Caron, 2001]. Sub-42
tropical gyres in the Northern Hemisphere comprise the largest carbon sink for the contem-43
porary atmospheric CO2 on an annual basis, due to the low partial pressures of CO2 at their44
surface [Takahashi et al., 2009]. Moreover, subtropical gyres are home to the ocean’s largest45
biome owing to their vast surface area, covering roughly 40% of the global ocean [McClain46
et al., 2004; Letscher et al., 2016]. Thus, understanding what processes supply heat, carbon,47
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and nutrients to the subtropical gyres is critical to characterize ocean climate, biogeochem-48
istry, and ecology.49
In contrast to the neighbouring subpolar gyres and the tropics, where large-scale Ek-50
man suction upwells cold, nutrient-rich water, the subtropical gyres are regions of large-scale51
downwelling that deepens the thermocline and nutricline [Williams and Follows, 1998; Wil-52
son and Coles, 2005; Omand and Mahadevan, 2015]. The contrasting dynamics of the sub-53
tropical gyres and their surroundings leads to strong property gradients at the gyre bound-54
aries. Thus, it is natural to hypothesize that cross-boundary exchange could have profound55
implications for gyre tracer budgets [Bower et al., 1985; Williams and Follows, 1998; Ay-56
ers and Lozier, 2010; Palter et al., 2013]. This cross-boundary exchange, however, is ex-57
tremely challenging to measure directly, and most global ocean models cannot resolve the58
mesoscale eddying motions that are ubiquitous at these boundaries, being forced to param-59
eterize their effects instead. Here, we explore the role of cross-boundary exchange on heat,60
carbon and nutrient budgets, making use of a climate model that resolves a rich spectrum of61
ocean mesoscale eddies in the subtropics [Delworth et al., 2012; Griffies et al., 2015] and is62
coupled to a simplified biogeochemical model [Galbraith et al., 2015].63
For instance, since cross-boundary heat exchange can influence the subtropical mixed64
layer temperature, such exchange may impact the reemergence of climate signals, whereby65
wintertime thermal anomalies sequestered in the deep mixed layer are re-entrained into the66
mixed layer in the following winter [Alexander and Deser, 1995]. Such reemergence of ther-67
mal anomalies is thought to possibly cause persistence of climate signals, such as the North68
Atlantic Oscillation, on interannual and longer time scales [Kwon et al., 2010; Cassou et al.,69
2007]. In addition to the potential role of heat supply to the subtropics on climate variabil-70
ity, cross-boundary heat exchange also influences the solubility of CO2 in the surface wa-71
ters. Moreover, anomalies of dissolved inorganic carbon (DIC) crossing the subtropical gyre72
boundaries can further influence the subtropical uptake of atmospheric CO2 within the ocean73
[Ayers and Lozier, 2012].74
The dynamical supply of nutrients into the subtropical euphotic zone was once thought75
to be dominated by vertical processes such as mixing and advection from intermediate depths.76
This paradigm, however, gave rise to a long standing puzzle, as new production outpaced the77
known vertical supply of nutrients to the subtropical gyre euphotic zone [e.g., McGillicuddy78
Jr et al., 1998; Oschlies and Garçon, 1998]. An increasing number of recent studies have79
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replaced this paradigm with one that includes lateral processes in supplying nutrients to the80
subtropical gyre from the neighbouring nutrient-rich subpolar gyres and tropics [Williams81
and Follows, 1998, 2003; Oschlies, 2002; Ayers and Lozier, 2010; Palter et al., 2013]. Re-82
cently, Letscher et al. [2016] used an observationally-constrained, coarse-resolution model83
to propose that roughly half of the dissolved inorganic phosphate (PO4) required to close the84
nutrient budgets in the subtropical gyres is supplied by lateral transport. Understanding lat-85
eral transport of PO4 into the subtropical gyres is further motivated by recent studies which86
revealed that subtropical phytoplankton have elevated carbon to phosphorus ratios, implying87
a greater organic carbon transport to the deep ocean for every mole of PO4 that enters the88
gyre than if it were consumed elsewhere [Teng et al., 2014; Galbraith and Martiny, 2015].89
This high carbon ratio in subtropical export productivity also has implications for the oceanic90
storage and air-sea partitioning of CO2. Despite advances in understanding the role of lateral91
circulation in subtropical nutrient supply, important questions remain unanswered: Where is92
the lateral exchange strongest? And what is the role of mesoscale eddies?93
One reason the answers to these questions have remained elusive is that they require94
observations or models that resolve swift boundary currents and the mesoscale eddies asso-95
ciated with them. These oceanic jets, which mark the western edges of the subtropical gyres,96
are known to be the regions which serve as both “blender” and “barrier” for cross-frontal97
tracer exchanges [Bower et al., 1985]. On the one hand, the jets act as “blender” for tracers,98
in part due to strong down-front westerly winds that drive Ekman transport across the cur-99
rents [e.g., Williams and Follows, 1998; Ayers and Lozier, 2010; Palter et al., 2011, 2013].100
Furthermore, these highly baroclinic western boundary currents are regions of enhanced101
mesoscale eddy activity due to the heightened available potential energy [Williams and Fol-102
lows, 2003; Griffies et al., 2015]. These mesoscale motions, collectively referred to as ed-103
dies, are ubiquitous features in the ocean and persist over time scales of weeks to months and104
horizontal scales from tens to hundreds of kilometres [Bishop et al., 2013]. Eddies, includ-105
ing rings shed from frontal systems, can induce significant cross-frontal exchange [Samel-106
son, 1992; Lee and Williams, 2000; Qiu et al., 2007]. Observational studies have estimated107
that such eddy structures transport a substantial amount of heat and salt [Zhang et al., 2014;108
Dong et al., 2014; Sasaki and Minobe, 2015]. On the other hand, the swift currents associ-109
ated with these oceanic jets are thought to act as “barriers” for tracer exchange by suppress-110
ing eddy-driven mixing at the shallower depths where the speed of the jet is much faster than111
the propagation speed of its meanders [Bower et al., 1985; Bower, 1991; Samelson, 1992;112
–4–
Confidential manuscript submitted to JGR-Oceans
Smith and Marshall, 2009; Ferrari and Nikurashin, 2010; Dufour et al., 2015]. The role of113
eddies in the Northern Hemisphere subtropical gyres, however, has not been fully resolved:114
While the rings shed from the Kuroshio are thought to play a significant role in the poten-115
tial vorticity budget in the North Pacific subtropical gyre region [Qiu and Chen, 2006; Qiu116
et al., 2007], rings shed from the Gulf Stream may play only a minor role in the subtropical117
tracer budgets [Bower et al., 1985]. Given these contrasting properties of western boundary118
currents and the conflicting reports on the impact of mesoscale rings in tracer budgets over119
the two Northern Hemisphere subtropical gyre basins, it is difficult to anticipate the role of120
mesoscale motion in the lateral transport of mass and tracers into subtropical gyres without a121
model that resolves these motions.122
The purpose of this work is to quantify the transport of heat, carbon, and nutrients into123
the North Pacific and North Atlantic subtropical gyres. Our ultimate goals are to assess the124
physical mechanisms that control the transport of these tracers into the interior of the sub-125
tropical gyres all along their boundaries; evaluate their importance in gyre heat, DIC, and126
nutrient budgets; and understand the spatial variability of these transports, as well as any127
contrast that may emerge between the North Atlantic and the North Pacific subtropical gyres.128
In order to achieve these goals, we use a preindustrial control simulation from an eddy-rich129
ocean-atmosphere climate model coupled to a simple marine biogeochemical model (CM2.6-130
miniBLING). We quantify the annual transport across the boundaries of the subtropical131
gyres and further decompose it into mean and eddy components. CM2.6-miniBLING pro-132
vides an adequate tool for our purposes, with its horizontal resolution of 0.1◦ allowing us to133
sufficiently resolve the mesoscale eddies of interest.134
The rest of the paper is organized as follows. In Section 2, we describe the model135
used (Section 2.1), our definition of the lateral (Section 2.2.1) and vertical extent of the sub-136
tropical gyres (Section 2.2.2), and the decomposition of the tracer transport across the gyre137
boundaries into mean and eddy components (Section 2.3). In Section 3, we discuss the hot138
spots of the lateral mass transport (Section 3.1), relative roles of advection and down-gradient139
mixing in the lateral tracer supply to the subtropical gyres (Section 3.2), and the contribution140
of lateral transport to the tracer budgets in the subtropical gyres (Section 3.3). A discussion141
and conclusion are provided in Section 4.142
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2 Methods143
2.1 CM2.6-miniBLING144
Our primary tool is an eddy-rich coupled climate model, Geophysical Fluid Dynam-145
ics Laboratory (GFDL) Climate Model version 2.6 (CM2.6) [Delworth et al., 2012; Griffies146
et al., 2015], coupled to a simplified version of the Biogeochemistry with Light Iron Nutri-147
ents and Gas (miniBLING) model [Galbraith et al., 2015]. The atmospheric and land com-148
ponents of CM2.6 each have a horizontal resolution of 0.5◦, whereas the oceanic and sea ice149
components have 0.1◦ resolution. The ocean component of the climate model is based on the150
Modular Ocean Model, version 5 (MOM5) [Griffies, 2012], configured using the Boussinesq151
approximation with 50 vertical levels and the z* vertical coordinate. The vertical cell thick-152
ness increases from roughly 10 m in the upper ocean to 210 m in the deep ocean. There is153
neither lateral tracer diffusion nor a mesoscale eddy parameterization in this model. How-154
ever, submesoscale mixed layer eddy transport is parameterized according to Fox-Kemper155
et al. [2011]. Vertical mixing processes are parameterized in the model using the K-profile156
parameterization scheme [Large et al., 1994], the internal gravity wave breaking scheme157
[Simmons et al., 2004], as well as the coastal tide mixing scheme [Lee et al., 2006].158
MiniBLING is a simplified version of the prognostic biogeochemical model, BLING159
[Galbraith et al., 2010], developed in order to reduce computational cost for use in eddy-160
resolving models, while still simulating essential aspects of bulk ecosystem dynamics [Gal-161
braith et al., 2015]. Its three prognostic tracers are dissolved inorganic carbon (DIC), dis-162
solved oxygen (O2), and a macronutrient that is initialized from a nutrient climatology as163
the average of phosphate (PO4) and nitrate (NO3), weighted according to their Redfield ra-164
tios (PO4/2 + NO3/32). Therefore, the macronutrient concentrations have values similar to165
oceanic PO4 concentrations. Also, because there is no representation of nitrogen fixation or166
denitrification, this nutrient tracer is more indicative of PO4 cycling, and hereafter we refer to167
this macronutrient as “PO4”. By acting as the limiting macronutrient in the subtropics, how-168
ever, the nutrient tracer may behave more like NO3. The reduction of the number of prog-169
nostic tracers was achieved by removing dissolved organic matter, the prognostic iron tracer,170
and the prognostic alkalinity tracer from the original BLING biogeochemical model. To deal171
with the absence of a dissolved organic phosphorus pool, the model has a fast-recycling term172
to return organic phosphorus to phosphate. Alkalinity is diagnosed from a climatological173
alkalinity-salinity relationship, and the iron cycle has been replaced by prescribing a monthly174
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iron climatology generated by a 1◦ version of the climate model ESM2M using BLING [Gal-175
braith et al., 2015]. Despite some biases, including in the seasonal cycle of biomass and176
export production in comparison to the more comprehensive model TOPAZ, miniBLING177
was shown to successfully simulate large-scale biogeochemical cycling at the global scale in178
EMS2M [Galbraith et al., 2015].179
The CM2.6-miniBLING preindustrial control simulation is run with atmospheric CO2180
fixed at the preindustrial concentration of 286 ppm. The simulation is run for 200 years start-181
ing from rest, with the miniBLING component being included from year 48. Temperature,182
salinity, PO4 and O2 fields are initialized with data from the World Ocean Atlas 2009 (WOA)183
[Locarnini et al., 2010; Garcia et al., 2010a,b], and DIC fields from the Global Ocean Data184
Analysis Project (GLODAP), which were adjusted to preindustrial values [Key et al., 2004].185
In the following analysis, we utilize the last 10 years of the simulation, corresponding to186
years 191 to 200. The analysis was limited to ten years due to data storage constraints; how-187
ever, we assume that the averaging period is long enough to eliminate bias due to most inter-188
annual variability, though the averaging period is not long enough to eliminate biases due to189
decadal fluctuations.190
A comparison of the modelled fields and observations is shown in Figure 1. The over-201
all observed global pattern is captured by the model, particularly over the regions of interest202
indicated by black contours on the panels on the right column. However, some deviations are203
apparent: In general, the model has a cold bias, while it overestimates the DIC field. The204
cooler simulated surface temperature compared to the present-day observations is an ex-205
pected outcome of the model spin-up with the preindustrial level of CO2. The discrepancy206
in DIC likely results from the cooler temperatures and higher CO2 solubility. A band-like207
negative temperature anomaly in the North Atlantic suggests a southward shift of the North208
Atlantic Current in the model relative to the observations. However, as discussed later in209
Section 2.2.1, our choice of gyre boundaries uses a dynamical definition based on model210
fields, so that such misalignment of observed and simulated currents should not influence211
our interpretation of the processes giving rise to cross-boundary transport. Some potential212
causes of errors for our cross-gyre boundary study include more pronounced gradients of the213
modelled nutrients and DIC at the northern subtropical gyre boundary in the North Pacific.214
This deviation from the observations could induce larger down-gradient eddy-induced tracer215
mixing in our result compared to the observations. The model, however, adequately captures216
the magnitude of the cross-gyre contrasts and the spatial scales that separate them. For a de-217
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Figure 1. Surface fields for (left) the average over the last 10 years of the CM2.6-miniBLING preindus-
trial control simulation, (centre) observations, and (right) the difference between the CM2.6-miniBLING
simulation and observations (modelled field - observation), for (top to bottom) DIC (µmol kg−1), PO4 (µmol
kg−1), O2 (µmol kg−1), and temperature (◦C). The modelled PO4 field is compared with the observed PO4/2
+ NO3/32, as described in Section 2.1 in the text and labelled “PO4”. The observational fields of tempera-
ture, PO4, NO3 and O2 are from the World Ocean Atlas 2009 [Locarnini et al., 2010; Garcia et al., 2010a,b]
while DIC is from GLODAP corrected to preindustrial values [Key et al., 2004]. The observational fields are
interpolated onto the CM2.6 grid cells. The black contours shown on the right panel indicate the location of
the 10-year mean subtropical gyre boundary in both basins (see Figure 2 for the gyre boundary positions of all
months and Section 2.2.1 for a definition of the gyre lateral boundaries).
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200
tailed comparison of miniBLING to observations and more complex biogeochemical models,218
readers are referred to Galbraith et al. [2015].219
2.2 Definition of the Subtropical Gyres220
The subtropical gyres are pools of nutrient-depleted warm water, circulating anti-221
cyclonically, driven primarily by winds [Stommel, 1958]. Although the gyres have been the222
subject of study for decades, there is no standard definition for the subtropical gyre bound-223
aries. For example, previous studies have investigated subtropical gyre properties inferred224
from hydrographic or satellite observations with a range of definitions, typically based on225
surface properties, such as chlorophyll content and wind stress curl [Nicholson et al., 2008;226
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Lozier et al., 2011; Kwon et al., 2016; Oschlies, 2002; McClain et al., 2004; Irwin and Oliver,227
2009; Letscher et al., 2016]. Here, we define the subtropical gyre boundaries combining228
the fundamental ideas that the western edges of the subtropical gyres are the swift western229
boundary currents, and that the surface of the subtropical gyre contains a pool of warm, well-230
oxygenated, low-nutrient water, whose vertical limit is marked by the base of the ventilated231
pycnocline. Thus, the subtropical gyre boundary definition in this study combines both the232
property-based and dynamical definitions of the subtropical gyres.233
2.2.1 Lateral Extent234
In the current study we define the subtropical gyre’s lateral extent using the monthly235
climatology of the two-dimensional barotropic mass quasi-stream function (Ψ) integrated236
over the upper 1,000 m. We chose 1,000 m for the base of the quasi-stream function, as our237
interest lies in the upper ocean. Because the Gulf Stream and Kuroshio extend over a depth238
of approximately 1,000 m, this definition aligns better with the jets than integrating to the239
ocean bottom. Note that the true mass stream function is defined only for divergence-free240
flows, and since the 1,000 m lateral transport is not required to be divergence-free, we call241
the integral of this transport the mass quasi-stream function. The gyre boundary is insensi-242
tive to the depth of integration above 1,000 m: For instance, integrating over the top 500 m243
instead of 1,000 m does not significantly change the overall gyre’s areal extent (not shown).244
For each basin, we picked one value of the mean mass quasi-stream function which encloses245
the largest areal extent for every climatological month. In this manner, Ψ = 20 Sv (1 Sv =246
109 kg s−1; note that here we use a mass Sverdrup) and Ψ = 25 Sv were chosen for the North247
Pacific and the North Atlantic, respectively (Figure 2). This approach is similar to that used248
by Palter et al. [2013], who defined the subtropical gyre using the largest closing sea surface249
height contour. This definition of subtropical gyres provides a dynamical definition and has250
the advantage that the boundary is precisely aligned with the monthly-mean meandering jet251
on the western and northern edges of the subtropical gyre. The qualitative results and inter-252
pretation of the mass and tracer transport across these boundaries are not sensitive to which253
stream function is chosen for the boundary, so long as it is within the swift jet. However, if254
the chosen boundary did not align with the jet, then any jet meanders across the boundary255
would appear as local hot-spots of cross-boundary exchange (not shown).256
Significant month-to-month variability in the areal extent of the gyres for both basins261
is evident in Figure 2, ranging from 2.7 × 106 to 6.9 × 106 km2 in the North Atlantic and 1.2262
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Figure 2. Monthly climatological positions of the subtropical gyres in this study, defined by using monthly
mean two-dimensional barotropic mass quasi-stream function integrated over the upper 1,000 m. a) Ψ = 20 Sv
was chosen for the North Pacific and b) Ψ = 25 Sv was chosen for the North Atlantic subtropical gyres as the
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× 107 to 2.1 × 107 km2 in the North Pacific. The seasonal meridional shift in the southern263
gyre boundaries corresponds to that of the surface wind stress curl (not shown), while the264
northern gyre boundaries are closely tied to the Gulf Stream and Kuroshio dynamics.265
2.2.2 Vertical Extent266
We set the vertical limit of our study region to coincide with an isopycnal level just267
denser (0.1 kg m−3) than the densest isopycnal level that outcrops in March within the sub-268
tropical gyre. We refer to the layer above this isopycnal as the ventilated pycnocline, follow-269
ing Luyten et al. [1983]. By choosing an isopycnal that is just denser than the outcropping270
isopycnal, we ensure that the lateral transport of mass and tracers that we wish to quantify271
are across the lateral gyre boundary set by the streamline defined in Section 2.2.1, rather than272
across an isopycnal outcrop within that boundary (a summary schematic at the end of the273
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paper, Figure 9, shows the isopycnal and gyre boundary). Additionally, under surface buoy-274
ancy loss, fluxes can extend into the stratified interior [Large et al., 1994], so choosing an275
isopycnal slightly denser than the outropping density ensures that we capture these fluxes.276
The oxygen cross sections in Figure 3 suggest that the deepest ventilated layers are above277
σθ = 25.8 kg m−3 (which corresponds to a seawater potential density of 1,025.8 kg m−3) in278
the North Pacific, and σθ = 26.6 kg m−3 in the North Atlantic. Thus, we set the base of the279
vertical layer at these isopycnals, which divide the warm, nutrient- and DIC-depleted, and280
oxygen-rich upper layer from the cool, nutrient- and DIC-rich, and oxygen-poor lower layer281
(Figure 3). Not coincidentally, this is the deepest layer that the atmosphere can influence di-282
rectly in the subtropical gyre, and in our analyses we integrate the subtropical gyre properties283
and the cross-boundary transports from the surface to these isopycnal levels. The annual-284
mean depth of the ventilated pycnocline for each basin is shown in Figure 4a and b, illustrat-285
ing that the deepest layers are found just south of the Gulf Stream and the Kuroshio. Like our286
lateral gyre boundaries, the depth of the ventilated pycnocline varies monthly according to287
a 10-year average seasonal cycle. In both gyres, the maximum area-weighted mean depth is288
found in late winter (Figure 4c).289
This definition of the ventilated pycnocline in both subtropical gyres also encapsulates295
the subtropical mode water (STMW). STMW is a layer of weakly stratified water and it exists296
by virtue of wintertime convection at the poleward edge of the subtropical gyres [Worthing-297
ton, 1959; Hanawa and Talley, 2001]. At the time of formation, nutrients are consumed at298
the northern flank of the subtropical gyres in both basins, and this nutrient-depleted water299
mass is advected southward while being gradually eroded by mixing [Palter et al., 2005; Oka300
et al., 2015]. STMW in each basin is known to have a characteristic temperature, which is301
roughly 16 - 19.5◦C in the North Pacific [Masuzawa, 1969; Oka et al., 2015] and 18◦C in302
the North Atlantic [Worthington, 1959]. In the model, these temperatures are found between303
the isopycnal levels σθ = 24.4 - 25.6 kg m−3 in the North Pacific, and between σθ = 26.2 -304
26.4 kg m−3 in the North Atlantic (Figure 3), thereby roughly corresponding to our ventilated305
pycnocline. Thus, the model simulates similar densities bounding observed hydrographic306
properties.307
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Figure 3. Ten year mean modelled properties along a) 137 ◦E in the North Pacific and b) 66 ◦W in the
North Atlantic. (Top to bottom) DIC (µmol kg−1), PO4 (µmol kg−1), O2 (µmol kg−1), and temperature (◦C)
plotted in colour, with potential density overlaid with black contours. The isopycnal level chosen for the verti-
cal extent of the subtropical gyre for each basin in this study (σθ = 25.8 kg m−3 in the North Pacific, and σθ =
26.6 kg m−3 in the North Atlantic) is highlighted with a thick white contour on each panel.
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294
2.3 Decomposition of the transport into mean and eddy components316
The horizontal transport of seawater mass and tracer mass through a vertical grid cell317
face of the lateral gyre boundaries defined in Section 2.2.1 is written318
Φ = ρ0dlnˆ · UC. (1)
In this equation, ρ0 is the constant reference density for the Boussinesq approximation (ρ0 =319
1,035 kg m−3), C is the tracer concentration (set to unity for seawater mass transport), and320
U = udz (2)
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Figure 4. Annual-mean depth of the ventilated pycnocline for a) the North Pacific and b) the North Atlantic
basins (colour shades). We divide the gyre boundary (coloured thick lines in panels a and b) into three seg-
ments: magenta for the jet region (i.e. the Kuroshio and Gulf Stream), green for the northern gyre boundary
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is the horizontal velocity field weighted by the grid cell thickness. The normal vector nˆ is321
perpendicular to the vertical area of the cell face, dzdl. The horizontal distance dl is either322
dx or dy according to the orientation of the gyre boundary. For the subtropical gyres, we323
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choose the normal vector nˆ to point inward, so that a positive transport means mass is added324
to the gyre interior.325
Following Griffies et al. [2015] and Dufour et al. [2015], we decompose the total trans-326
port averaged over 10 years into two terms:327
Φtotal = Φmean + Φeddy . (3)
The transport328
Φtotal = Φ = ρ0dlnˆ · UC (4)
is the total transport of seawater mass and tracer mass averaged over 10 years crossing the329
gyre boundaries. The lateral gyre boundaries are set according to the monthly climatological330
quasi-barotropic mass streamfunction (Section 2.2.1), which in turn determines the geomet-331
ric factors, dlnˆ. We accumulate the horizontal tracer transport, UC, every model time step,332
thus ensuring a proper accounting of temporal correlations. The contribution, Φmean, mea-333
sures transport from the time-mean mass transport acting on the time-mean tracer concentra-334
tion,335
Φmean = ρ0dlnˆ · U¯C¯. (5)
We diagnose the time-mean tracer concentration and time-mean horizontal mass transport336
directly from the model output, so that the time-mean component captures the climatological337
seasonal cycle of the transport. Finally, the eddy component is the residual,338
Φeddy = Φtotal − Φmean = ρ0dlnˆ · (UC − U¯C¯). (6)
This eddy term arises from correlations between fluctuations in tracer concentration and339
mass transport relative to the climatological monthly-mean transport. This term is domi-340
nated by mesoscale fluctuations (e.g., jet meanders, anomalous Ekman transport, rings, etc.),341
though it also contains fluctuations acting on interannual and longer time scales.342
Baroclinic eddies are one category of motion that gives rise to such mesoscale fluc-343
tuations, and there are two key processes associated with these eddies. First, baroclinic ed-344
dies act to convert available potential energy (input by wind and buoyancy forcing) to kinetic345
energy [Gent et al., 1995]. Potential energy reduction flattens isopycnals, and thus reduces346
thermal wind shear. This adiabatic mesoscale eddy transport opposes the wind-driven time-347
mean flow. As suggested by Gent et al. [1995], this process is commonly parameterized by348
an eddy-induced advective velocity added to the tracer equation. Therefore, eddies transport349
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mass and tracer by this isopycnal slumping effect, and this tracer transport can be either up-350
gradient or down-gradient. In addition to slumping isopycnals, mesoscale eddies stir tracers351
along isopycnals, thus enhancing the fine scale tracer features (i.e., tracer gradients are inten-352
sified). In turn, the enhanced fine scale tracer features allow tracers to be efficiently mixed353
by molecular diffusion. This aspect of mesoscale eddy transport is commonly parameterized354
by down-gradient isopycnal tracer diffusion [Solomon, 1971; Redi, 1982; McDougall et al.,355
2014]. CM2.6 does not use parameterizations of the advective or diffusive transport due to356
mesoscale eddies; rather, both effects of eddies are at least partially represented through the357
resolved eddying flow.358
3 Results359
3.1 Hot spots of lateral mass transport across the subtropical gyre boundaries360
Mass and tracers may enter or leave the subtropical gyres at any point along the gyre361
boundaries. By examining the 10-year averaged transport of mass and tracers across the362
subtropical gyre boundaries (hereafter cross-boundary transport) as a function of distance363
around the gyre, we first aim to shed light on hot spots of exchange and their associated phys-364
ical mechanisms.365
Figure 5 shows the 10-year averaged cumulative sum of the total, mean, and eddy mass366
and tracer cross-boundary transports into the subtropical gyre for each basin. The figure was367
constructed by taking the cumulative sum of the cross-boundary transport at each 0.1◦ longi-368
tude, starting from the western edge of the gyre boundary at 25◦N for the North Pacific and369
30◦N for the North Atlantic and moving in the clockwise direction. 120◦W (North Pacific)370
and 30◦W (North Atlantic) correspond to the easternmost extension of the gyre; the bound-371
ary only extends this far east for a couple of months of the year (see Figure 2), so that the372
curves appear flat around these longitudes for the months when the gyre does not extend that373
far. The Kuroshio and Gulf Stream regions are labelled “jet”, and the northern and south-374
ern gyre boundaries are labelled for transport occurring to the north and south of 25◦N for375
North Pacific and 30◦N for North Atlantic (see Figure 4a and b for mean boundary loca-376
tions). The annual-mean is then weighted by the fraction of the year that the quasi-stream377
function reaches each longitude. The figure shows that the total mass transport (first row378
in Figure 5) is almost always inward across the gyre boundaries integrated over the venti-379
lated pycnoclines (defined in Section 2.2.2) for both of the basins. Inward mass transport is380
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an expected consequence of the large-scale wind stress that causes subtropical convergence381
and downwelling. This inward transport is dominantly set by the mean transport, consistent382
with monthly-mean negative wind stress curl and convergent Ekman transport over the en-383
tire annual cycle (not shown). The vertical profile of the cross-boundary transport (Figure 6)384
reveals that this inward transport occurs principally in the upper layer, above σθ = 23.5 in385
North Pacific and σθ = 26.2 in North Atlantic, further supporting the idea that the Ekman386
transport is the critical inward transport mechanism.387
There is intense cross-boundary mass transport across the Kuroshio and Gulf Stream,388
accounting for 57% and 82% of the total mass transport, respectively. A comparison of the389
longitudes where cross-boundary transport is strongest in Figure 5 to the jet meander loca-390
tions in Figure 2 reveals that the mean component of the cross-jet transport is correlated with391
the curvature of the meandering of the jet system: Anticyclonic curvatures in Kuroshio (e.g.392
at 133◦E) and Gulf Stream correspond to peaks of inflowing mass, whereas the locations of393
cyclonic curvatures correspond to local minima of the inflowing mass (e.g. at 136◦E), con-394
sistent with observations from Bower and Rossby [1989] and Bower [1991].395
The spatial patterns of cross-boundary transport are associated with well-known oceano-396
graphic features, even outside the jet regions. In the North Pacific, approximately 5 Sv of397
mass is transported into the gyre across its southern gyre boundary, which is almost entirely398
driven by the mean component. This large mass input likely arises from the persistent align-399
ment of the location of the monthly southern gyre boundary in the low latitudes (see Fig-400
ure 2) with the prevailing easterly winds, which drive mass input by Ekman transport. This401
pronounced mass input is followed by a dramatic mass export at around between 120◦E and402
130◦E, acting to cancel approximately all the mass transported across the Southern Gyre403
boundary. The location where mass is exported from the subtropical gyre coincides with404
the location where Kuroshio intrudes into the South China Sea through Luzon Strait [Nan405
et al., 2015], as well as where the westward North Equatorial Current, which constitutes the406
southern gyre boundary of the North Pacific subtropical gyre, reaches the Philippine coast407
and bifurcates into the northward Kuroshio and the southward Mindanao Current [Qiu and408
Lukas, 1996]. We therefore hypothesize that the large leakage of mass at this location is due409
to the divergence of the flows associated with the bifurcation of the North Equatorial Cur-410
rent as well as Kuroshio intrusion through Luzon Strait. In the North Atlantic, the mean mass411
transport across the southern gyre boundary is more uniform, and accounts for 18% of the412
total mass input into the gyre basin.413
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Figure 5. The cumulative sum of the 10-year average transport across the subtropical gyre boundaries,
integrated vertically to the base of the ventilated pycnocline (Section 2.2.2) for a) the North Pacific and b)
the North Atlantic. The total transport is shown in black, the mean transport in blue, and the eddy transport
in orange. The envelopes around the total and eddy components indicate one standard deviation of their in-
terannual variability. The cumulative sum is taken along the boundary in the clockwise direction, starting
from the westernmost edge of the jet region and plotted as a function of longitude (see Figure 4a and b for
the mean position of the jet and the northern and southern gyre boundaries). The annual mean is constructed
by weighting the monthly transport by the fraction of the year that the quasi-stream function reaches each
longitude (Figure 2). The right-hand y-axis gives the cumulative sum of the cross-boundary transport divided
by the annual-mean gyre area. For the mass transport, division by a reference seawater potential density of ρ0
= 1035 kg m−3 converts mass Sv (109 kg s−1) to a velocity with a unit of m s−1. Temperature transport (Sv
◦C) is expressed as equivalent heat transport in PW after multiplying by heat capacity. The sign convention is
such that an increase in the cumulative sum indicates inward transport into the subtropical gyre.
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In both gyres, the most pronounced eddy mass transport is found in the jet regions, as427
may be expected from the enhanced mesoscale activity there, with a large interannual vari-428
ability. Much of this mesoscale transport, however, does not contribute to the net mass con-429
vergence or divergence, presumably due to the large rotational component of mass fluxes.430
The rotational component circulates around the eddy potential energy contours, and it does431
not contribute to the divergence of advective fluxes [Marshall and Shutts, 1981; Bishop et al.,432
2013]. Although any advective flux consists of rotational and divergent components, no433
unique method exists for decomposing advective fluxes into these components [Fox-Kemper434
et al., 2003]. The effect of the rotational component of the advective flux, however, vanishes435
for the sum of these fluxes around the closed contour encircling the gyre, leaving only the436
divergent component [Dufour et al., 2015]. After summing around the entire gyre boundary,437
the average eddy mass transport is slightly negative (i.e. outward), which is in line with ex-438
pectations that the mass export by the eddy component opposes the wind-driven time-mean439
flow, as as discussed in Section 2.3. However, the eddy-driven mass transport is so small that440
it is statistically indistinguishable from zero, after accounting for the interannual variability.441
The small outward eddy mass flux is due to transport near the base of the ventilated pycno-442
cline, which competes with inward mass input on lighter layers (Figure 6).443
In total, 10.2 Sv and 3.0 Sv of mass is imported across the gyre boundaries for the444
North Pacific and North Atlantic subtropical gyres, respectively. After normalization by the445
annual-mean gyre area (right axis on Figure 5), these transports are similar in magnitude,446
with the North Pacific gyre laterally receiving 19.6 m yr−1 and the North Atlantic 17.8 m447
yr−1. Following mass conservation, these values roughly correspond to mean downwelling,448
and they are within the expected range of Ekman downwelling in these subtropical gyre re-449
gions [Marshall and Plumb, 2007].450
3.2 Relative roles of advection and down-gradient mixing in the supply of DIC,451
heat, and PO4 to the subtropical gyres452
The spatial pattern of mean- and eddy-driven DIC and heat transport resembles that453
of mass transport, as can be seen in Figure 5 and 6. This is not surprising, since the tracers454
are advected by the residual mean (or total mass) transport, which is the sum of mean and455
eddy advective mass transports. Therefore, in the absence of strong down-gradient, along-456
isopycnal tracer mixing, mass and tracer transport should follow similar patterns. The lateral457
input of DIC and heat by the mean component into the subtropical gyre together reduces the458
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capacity to take up atmospheric CO2 in both gyres, given that cross-boundary input of DIC459
and heat increase the sea surface partial pressure of CO2 (pCO2) in the gyre [Bates et al.,460
1998; Takahashi et al., 2009; Ayers and Lozier, 2012]. Eddies act to remove 27% (31%) of461
the DIC supplied by the mean flow in the North Pacific (North Atlantic), and 13% (21%) of462
the heat. Much of this outward eddy transport occurs across the jets and the southern gyre463
boundaries of both gyres, near the base of the ventilated pycnocline. As was the case for the464
mass transport, roughly three times more DIC and heat are transported into the North Pacific465
subtropical gyre compared to the North Atlantic. After normalizing by the annual mean gyre466
area, these supply terms come to similar values for the Atlantic and Pacific (right axis on467
Figure 5).468
The eddy-driven transport of PO4 provides the majority of the cross-boundary nutri-469
ent transport in both gyres, a behaviour that is unique among the tracers. The inward PO4470
transport by the eddy component explains 59% and 120% of the total transport of PO4, for471
the North Pacific and the North Atlantic, respectively (in the North Atlantic the eddy supply472
is opposed by the mean, such that it exceeds the total). This eddy-driven flux of PO4 enters473
the subtropical gyre principally across the Kuroshio and Gulf Stream, and, to a lesser degree,474
over the southern gyre boundary in the North Pacific (Figure 5). Most of the eddy-driven475
supply occurs near the base of ventilated pycnocline in both gyres (Figure 6). In the North476
Pacific, the mean component also supplies PO4 into the subtropical gyre, while in the North477
Atlantic, the transport by the mean flow mainly acts to remove PO4 from the gyre, even while478
the mean supply of mass is inward. This difference in the role of the mean flow in the PO4479
budget between the gyre basins arises from the fact that the circulation at the base of the ven-480
tilated layer in the North Atlantic is flowing out of the gyre, whereas the North Pacific flow481
over the entire layer is inward, as can be seen from the vertical profile of the cross-boundary482
mass transport in Figure 6. Because the PO4 at the base of the layer is elevated relative to the483
shallower depths where concentrations are essentially zero, this small outflow of the mean484
circulation at the base of the layer translates to an overall outward PO4 transport due to the485
mean circulation.486
As was briefly discussed in Section 2.3, the eddy-driven tracer transport that is not494
carried by the eddy mass transport can be explained by the down-gradient along-isopycnal495
tracer transport by the eddies, which arises due to the correlation between the velocity and496
tracer anomalies, h¯u′C ′. This down-gradient eddy transport of a tracer C, χC , across the497
gyre boundary on an isopycnal layer can be roughly scaled as follows [Griffies, 2004; Dufour498
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Figure 6. The 10-year averaged tracer transport across the subtropical gyre boundaries for total (black),
mean (blue), and eddy (orange) components for a) the North of Pacific and b) the North Atlantic, binned into
isopycnal levels. The deepest density level shown corresponds to the isopycnal at base of the ventilated pycno-
cline, as defined in Section 2.2.2. The envelopes around the total and eddy components indicate one standard
deviation of their interannual variability. The sign convention is such that positive values indicate inward
transport into the subtropical gyre. Temperature transport (Sv ◦C) is expressed as equivalent heat transport in
PW.
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et al., 2015]:499
χC = −ρ0κ h¯(∇C¯) · nˆdl, (7)
where ρ0 is a reference seawater density, κ > 0 is an along-isopycnal eddy diffusivity coeffi-500
cient, h is the isopycnal thickness, dl is the segment of the gyre boundary, and nˆ is the vector501
normal to dl. The eddy diffusivity coefficient, κ, is a function of space and time [e.g. Fer-502
rari and Nikurashin, 2010], and its variations should be consistent across all tracers. CM2.6503
resolves much of the mesoscale variability responsible for this down-gradient mixing in the504
subtropics, and includes no diffusive closure for such fluxes. Hence, we expect the size of505
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the tracer gradients to explain the difference between the importance for the eddy-driven PO4506
transport relative to that for DIC and heat.507
Figure 7 shows the normalized 10-year averaged tracer gradient at every 0.1◦ longitude508
along the gyre boundary, with positive values indicating higher concentrations outside the509
gyre than inside. With this sign convention, down-gradient mixing along a positive gradient510
would provide a source of tracer to the subtropical gyre. The figure reveals that the tracer511
gradient is positive for DIC and PO4 (higher values outside the subtropical gyres), whereas512
it is dominantly negative for temperature (higher values inside the subtropical gyre), as ex-513
pected from Figure 1. The strongest tracer gradients are found across the Kuroshio and Gulf514
Stream regions relative to the rest of the gyre boundary for all the tracers. The gradients in515
DIC concentration across the gyre margins are relatively subdued compared to the other trac-516
ers, since DIC variations are small relative to background concentrations (> 1,800 µmol kg−1517
everywhere in the ocean, as simulated under preindustrial atmospheric CO2). The normal-518
ized PO4 gradient along the gyre boundary is approximately 1.5 times larger than the nor-519
malized DIC gradient for the North Pacific and nearly 10 times larger in the North Atlantic520
on average. Therefore, the larger eddy-driven supply of PO4 to the gyres relative to the eddy-521
driven DIC flux is very likely due to down-gradient mixing across a stark biogeochemical522
divide.523
The PO4 gradient is sharper across the Kuroshio and Gulf Stream, relative to the tem-524
perature and DIC gradient, because PO4 concentrations are drawn down to near-zero on the525
subtropical side of the boundary currents nearly to the base of the ventilated layer. Here,526
light does not seem to limit productivity, as chlorophyll blooms during deep mixing in the527
darkest months of winter [Palter et al., 2005]. Iron is also relatively abundant, particularly528
in the North Atlantic, permitting complete PO4 depletion [Mahowald et al., 2005; Sedwick529
et al., 2005]. The PO4-depleted water masses formed just south of the jet regions are sub-530
ducted as STMW and recirculate well below the euphotic zone south of their formation re-531
gion. Therefore, PO4 is restored on those layers via remineralization [Palter et al., 2005].532
These layers rejoin the Gulf Stream and Kuroshio, where they are swiftly transported in533
what has been referred to as a “nutrient stream” [Pelegri and Csanady, 1991; Williams et al.,534
2006; Palter and Lozier, 2008; Guo et al., 2012]. Thus, the stark nutrient gradients across535
the Kuroshio and Gulf Stream are sustained by the presence of these nutrient streams and the536
depletion of the nutrient just south of the boundary currents. Finally, unlike DIC and tem-537
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perature, PO4 is not subject to air-sea flux exchange, which tends to smooth out lateral tracer538
gradients.539
It is also noteworthy that the cross-boundary PO4 flux is nearly twice as large in the540
North Atlantic subtropical gyre as the North Pacific after normalizing by gyre area, as can be541
seen in the right axis on Figure 5. In contrast, mass, heat and DIC cross-boundary transport542
per unit area is similar for both gyres. This difference between the two gyres likely stems543
from the fact that in the Gulf Stream, unlike in the Kuroshio, nutrient concentrations are fur-544
ther enriched by waters imported from outside the subtropical gyre, such as from the tropics545
and Southern Ocean, in the shallow return pathway of the Atlantic Meridional Overturn-546
ing Circulation [Palter and Lozier, 2008]. As a result, the nutrient transport along the Gulf547
Stream is approximately 4 - 5 times larger compared to the Kuroshio [Guo et al., 2012], lead-548
ing to the sharper PO4 gradient across the Gulf Stream than across the Kuroshio. In addition,549
the gyre-to-gyre difference may be further enhanced by the greater availability of iron in sub-550
tropical North Atlantic due to atmospheric deposition of iron-rich Saharan dust [Mahowald551
et al., 2005; Sedwick et al., 2005]. Iron is an important limiting nutrient, and the difference552
in the iron availability between the basins likely leads to a more complete PO4 drawdown in553
the North Atlantic subtropical gyre and a sharper PO4 gradient at its boundaries, compared554
to its North Pacific counterpart.555
3.3 Importance of the cross-boundary tracer transports for the subtropical gyre569
budgets570
Finally, the importance of the cross-boundary transport is evaluated by performing an587
annual budget analysis over the gyre regions (Figure 8). Both DIC and heat are almost ex-588
clusively supplied by the mean component of the lateral transport across the gyre boundary.589
The eddies oppose the mean transport, removing about a third of the DIC and a quarter of590
the heat from both the North Atlantic and North Pacific gyres. Two thirds of the DIC sup-591
plied laterally downwells, as expected from the large scale downwelling in the subtropical592
gyre regions, with the air-sea exchange of carbon as well as the biological consumption and593
remineralization of DIC playing only very minor roles. We remind the reader that this sim-594
ulation is run with a preindustrial atmospheric CO2 concentration, and does not include the595
anthropogenic rise in CO2. Heat is lost from both subtropical gyres to the atmosphere at a596
rate greater than 30 W m−2, which is the same order of magnitude as the heat export by the597
eddy component and the downwelling. As noted earlier, the supply of PO4 is dominantly set598
–22–
Confidential manuscript submitted to JGR-Oceans
120 ◦E 150 ◦E 180 ◦ 150 ◦W 120 ◦W 150 ◦W 180 ◦ 150 ◦E 120 ◦E
2
0
2
4
6
8
10
D
IC
 g
ra
di
en
t
a
jet northern gyre boundary southern gyre boundary
North Pacific
120 ◦E 150 ◦E 180 ◦ 150 ◦W 120 ◦W 150 ◦W 180 ◦ 150 ◦E 120 ◦E
2
0
2
4
6
8
10
12
14
P
O
4
 g
ra
di
en
t
jet northern gyre boundary southern gyre boundary
120 ◦E 150 ◦E 180 ◦ 150 ◦W 120 ◦W 150 ◦W 180 ◦ 150 ◦E 120 ◦E
longitude
25
20
15
10
5
0
5
te
m
pe
ra
tu
re
 g
ra
di
en
t jet northern gyre boundary southern gyre boundary
90 ◦W 75 ◦W 60 ◦W 45 ◦W 30 ◦W 45 ◦W 60 ◦W 75 ◦W 90 ◦W
0.5
0.0
0.5
1.0
1.5
2.0
b
jet northerngyre boundary southern gyre boundary
North Atlantic
90 ◦W 75 ◦W 60 ◦W 45 ◦W 30 ◦W 45 ◦W 60 ◦W 75 ◦W 90 ◦W
5
0
5
10
15
20
25
30
jet northerngyre boundary southern gyre boundary
90 ◦W 75 ◦W 60 ◦W 45 ◦W 30 ◦W 45 ◦W 60 ◦W 75 ◦W 90 ◦W
longitude
14
12
10
8
6
4
2
0
2
jet northerngyre boundary southern gyre boundary
Figure 7. Cross-boundary tracer gradients. Gradients are computed along the subtropical gyre boundary
for a) the North Pacific and b) the North Atlantic basin, averaged over the ventilated pycnocline, and plotted
as a function of longitude in a clockwise manner starting from the westernmost edge of the jet region (see
Figure 4a and b for the mean boundary locations). The tracer gradient for each month is averaged at each
longitude and the annual mean is constructed by weighting the monthly-mean gradients by the fraction of the
year that the quasi-stream function reaches each longitude. We choose a sign convention such that a positive
gradient means the tracer has lower value inside the subtropical gyre compared to outside. With this con-
vention, down-gradient mixing would correspond with a positive tracer input into the gyres. The thick line
indicates the annual mean, while the shading indicates one standard deviation of its interannual variability.
The tracer gradients are normalized by the average, large-scale, basin-wide gradient (tracer concentration
difference between inside the subtropical gyre and outside, divided by the entire length scale from the centre
of the subtropics to the exterior) within [10 ◦N - 45 ◦N]× [120 ◦E -120 ◦W] for North Pacific and [10 ◦N - 45
◦N]× [90 ◦W - 30◦W] for North Atlantic over the top 500 m depth.
556
557
558
559
560
561
562
563
564
565
566
567
568
by the eddy component of cross-boundary lateral transport for both gyres, but particularly so599
for the North Atlantic. The total lateral transport, combining the roles of both mean and eddy600
components, makes up 77% of the total nutrient supply in the North Pacific and 86% in the601
North Atlantic. These values are roughly 1.5 times larger than the estimate by Letscher et al.602
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Figure 8. Annual-mean DIC (left), PO4 (middle) and temperature (right) budgets for the North Pacific and
North Atlantic subtropical gyres. “Mean" (blue) corresponds to the mean lateral advective transport of each
tracer, “eddy" (orange) the eddy lateral advective transport, and “downwelling" (white) the transport across
the isopycnal at the base of the ventilated pycnocline, computed as the residual between the 3D advective
convergence within the gyre bowl and the total cross-boundary lateral transport. “CO2 flux” (green on the
left panel) is the air-sea CO2 flux; “biological sink” (grey on the left panel) is the biological consumption and
remineralization of DIC; “net biological sink” (grey on the middle panel) corresponds to the net biological
consumption of PO4 integrated over the vertical layer; “vertical diffusion” (green on the middle panel) is the
flux of PO4 across the bottom of the layer via parameterized vertical mixing; “submesoscale” (yellow on the
middle panel) is the PO4 supply due to the parameterization of submesoscale mixed layer instabilities; and
“net sfc heating” (green on the right panel) is the net surface heating including the effect of longwave and
shortwave penetrating radiation, as well as sensible and latent heat fluxes. Additional terms, including vertical
diffusion and submesoscale transport of DIC and temperature are all at least three orders of magnitude smaller
than the shown terms, and therefore excluded from the figure. Note that the imbalance between the source and
sink particularly evident for PO4 is due to the non-negligible tendency term, amounting to -2.3 mmol m−2
yr−1 for the North Pacific and -1.5 mmol m−2 yr−1 for the North Atlantic subtropical PO4 budgets.
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[2016], who evaluated the lateral supply of nutrients in a data-constrained, coarse-resolution603
ocean model, using fixed lateral subtropical gyre boundaries and the fixed local annual max-604
imum mixed layer depth as the vertical limit. It is unclear if the source of this difference605
arises from differences in the simulated PO4 gradients, differences in the definition of the606
gyre boundaries, and/or the fact that our simulation resolves a large spectrum of mesoscale607
fluctuations that were parameterized in the simulations of Letscher et al. [2016]. In any case,608
both studies agree that the supply of nutrients to the subtropical gyres is largely governed609
by lateral exchange across its boundaries, despite important differences in the model used to610
evaluate the supply and distinct definitions of gyre boundaries.611
–24–
Confidential manuscript submitted to JGR-Oceans
4 Discussion and Conclusions612
In this study we evaluated the transport of mass, heat, carbon, and nutrients into the613
North Pacific and North Atlantic subtropical gyres over the annual-mean timescale, in a614
preindustrial simulation of an eddy-rich climate model coupled to a simplified biogeochem-615
istry model (CM2.6-miniBLING). We proposed a new gyre boundary definition based on a616
combination of dynamical and property-based criteria: The lateral gyre boundaries are de-617
fined by the largest region of anticyclonic circulation, whereas the vertical extent is set by618
the isopycnal that underlies a pool of warm, oxygenated, oligotrophic water, which we call619
the ventilated pycnocline following Luyten et al. [1983]. The transport across the subtropical620
gyre boundary thus defined was decomposed into a mean component and a mesoscale eddy621
component following Griffies et al. [2015] and Dufour et al. [2015].622
A schematic summary of the transport of mass and each tracer is shown in Figure 9.623
Lateral cross-boundary transport supplies a substantial amount of mass, heat, DIC, and PO4624
to the subtropical gyre regions in both the North Pacific and the North Atlantic basins on625
annual-mean basis. Mass, heat, and DIC supply into the gyres are mainly set by the mean626
component of the transport, and largely achieved across the Kuroshio and Gulf Stream. The627
concurrent transport of heat and DIC together act to reduce the subtropical ocean uptake of628
atmospheric CO2 below what it would be in the absence of such lateral exchange, by increas-629
ing the pCO2 in the subtropical seawater. Mesoscale eddies tend to remove mass, heat and630
DIC supplied by the mean component from the gyres. This cancellation of the mean circu-631
lation by the eddy-driven circulation is in line with the expected role of baroclinic eddies in632
flattening isopycnals, which are steepened by the time-mean, wind-driven circulation [Gent633
and McWilliams, 1990], and agree with previous studies evaluating tracer budgets using the634
same model [Griffies et al., 2015; Dufour et al., 2015].635
Transport of PO4 differs markedly from mass and the other tracers, in that the eddies642
are the primary supply mechanism of PO4 into the subtropical gyres of both basins. We at-643
tribute this greater role for the eddies to the sharp PO4 gradients across the gyre boundaries,644
which allow for strong down-gradient mixing. The effect of the outward eddy-induced mass645
transport on PO4 transport is, thus, seemingly swamped by the down-gradient PO4 diffu-646
sive transport. In turn, the strong PO4 gradient across the Gulf Stream and Kuroshio rela-647
tive to the other tracers is interpreted as a consequence of biological activity: PO4 serves648
as a limiting nutrient for primary productivity in the subtropical gyre regions, resulting in649
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Figure 9. Schematic of mass and tracer lateral, cross-boundary transport on a cross-section of the subtrop-
ical gyres. The lateral boundary, defined in Section 2.2.1, is denoted by the vertical straight lines labelled
Ψ(x, y, t)). The curved line labelled as σθ (x, y, z, t) shows the time-varying vertical limit of the subtropical
gyre (the grey shaded area), defined in Section 2.2.2. The blue straight arrows indicate the mass and tracer
time-mean advective cross-boundary transport. Wavy arrows show the eddy cross-boundary transport for DIC
and heat (orange) and PO4 (green).
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the near-complete depletion of PO4 to the base of the subtropical euphotic zone or mixed650
layer, whichever is deeper. On isopycnals beneath the euphotic zone or mixed layer, nutri-651
ents are restored via remineralization during recirculation before rejoining the Kuroshio and652
Gulf Stream. Because the deepest mixed layers are formed just south of the Gulf Stream and653
Kuroshio, the largest nutrient gradients are found across these jets. In contrast, air-sea CO2654
exchange tends to equalize surface DIC concentrations and subdues their gradients. Our re-655
sult agree with inferences from a previous study by Lee and Williams [2000], who used an656
idealized model to illustrate that down-gradient eddy diffusive transport should play the lead-657
ing role over eddy advection for tracers with a short lifetime, such as PO4, which is rapidly658
consumed by photosynthesis in the subtropics.659
Lateral transport was shown to significantly contribute to the budget of all tracers in660
both subtropical gyres. Lateral PO4 input is the dominant nutrient source to both subtropi-661
cal gyres, amounting to 77% of the total nutrient supply in the North Pacific and 86% in the662
North Atlantic, with the remaining supply due to vertical mixing. Thus, our study agrees663
with previous work that underscored the importance of the lateral nutrient supply into the664
subtropical gyres (e.g. Letscher et al. [2016]), and shows this qualitative result is not sensi-665
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tive to the model used to estimate the lateral fluxes or the boundaries drawn around the gyres.666
Our work also examined the spatial pattern of the nutrient exchange and the mechanisms667
by which it enters the gyre, which point toward a critical role for eddy exchange across the668
Kuroshio and Gulf Stream in supplying a large quantity of nutrients to the northern fringe of669
the gyres. In contrast to the supply of nutrients, DIC and heat are transported into the sub-670
tropical gyre almost exclusively by the mean circulation. Approximately one third of DIC671
supplied to the subtropical gyres is removed by the eddy lateral transport on an annual-mean672
basis, while the rest downwells. The air-sea exchange of carbon contributes little to the sub-673
tropical carbon budget in both basins in this preindustrial model simulation. On the other674
hand, the heat sink balancing the cross-boundary supply by the mean flow is approximately675
equally split between removal by eddies, ocean to atmosphere heat loss, and downwelling.676
In summary, our results confirm the importance of lateral transport in the tracer bud-677
gets of the Northern Hemisphere subtropical gyres. It is notable that the majority of PO4 that678
fuels new primary productivity is provided by lateral transport across the Kuroshio and Gulf679
Stream, with eddies being the principal supply mechanism. Another important result of this680
work is that cross-boundary transport provides the primary source of heat to the gyre on an681
annual basis; some of this heat is removed by eddies and downwelling, while roughly a third682
is lost to the overlying atmosphere. Given the first-order role of cross-boundary fluxes in the683
upper-ocean heat budget, we expect these transport processes to be critical to restratifica-684
tion of the subtropical mode waters, with the potential to influence the subduction of thermal685
anomalies that give memory to the climate system.686
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